Graphene growth on Cu foils by catalytic decomposition of methane forms predominantly singlelayer graphene films due to the low solubility of carbon in Cu. On the other hand, graphene growth on Cu-Ni foils can result in the controlled growth of few-layer graphene films because of the higher solubility of carbon in Ni. One of the key issues for the use of graphene grown by chemical vapor deposition for device applications is the influence of defects on the transport properties of the graphene. For instance, growth on metal foil substrates is expected to result in multidomain graphene growth because of the presence of grains within the foil that exhibit a variety of surface terminations. Therefore, the size and orientation of the grains within the metal foil should influence the defect density of the graphene. For this reason, we have studied the effect of total anneal time and temperature on the orientation and size of grains within Cu foils and Cu-Ni alloy foils with a nominal concentration of 90/10 by weight. The graphene growth procedure involves preannealing the foil in a H 2 background followed by the graphene growth in a CH 4 /H 2 atmosphere. Measurements of the substrate grain size have been performed with optical microscopy and scanning electron microscopy. These results show typical lateral dimensions ranging from a few millimeters up to approximately a centimeter for Cu foils annealed at 1030 C for 35 min and from tens of microns up to a few hundred microns for the 90/10 Cu-Ni foils annealed at 1050 C for times ranging from 45 to 90 min. The smaller grains within the Cu-Ni foils are attributed to the higher melting point of the Cu-Ni alloy. The crystallographic orientation within each substrate grain was studied with electron backscatter diffraction, and shows that the preferred orientation for the Cu foil is primarily toward the (100) surface plane. For the 90/10 Cu-Ni foils, the orientation of the surface of the grains is initially toward the (110) plane and shifts into an orientation midway between the (100) and (111) planes as the anneal time is increased.
I. INTRODUCTION
Graphene, which is a single atomic layer of sp 2 -hybridized carbon, has attracted quite a bit of interest within the scientific community because of its unique mechanical, thermal, optical, and electrical properties. [1] [2] [3] For instance, measurements of the fracture strength of exfoliated graphene flakes yield a value of $125 GPa, 4 which is over 200 times larger than what has been measured for single fibers of Kevlar. 5 One of the main reasons that single atomic layers of graphene with areas that are several square centimeters can be isolated and transferred from one substrate to another is because of the high fracture strength of graphene. The current interest in graphene has primarily been motivated by its unique electrical properties. Carrier mobilities as high as 200 000 cm 2 /Vs have been reported for suspended singlelayer graphene films isolated by micromechanical exfoliation from graphite. 6 In addition, the electronic structure of graphene depends on the number of graphene layers and the stacking sequence between the layers. 7 Single-layer graphene is a semimetal with a linear energy dispersion near the Dirac point, which results in a very small effective mass for the carriers. [8] [9] [10] On the other hand, a small energy gap can be present in bilayer graphene, 11, 12 and few-layer graphene films have electrical properties that differ from single-and bi-layer graphene films and bulk graphite. 7, 13 For most device applications it is important to be able to grow wafer-sized areas of graphene with a controlled number of graphene layers. Although the technique of micromechanical exfoliation of graphene from bulk graphite produces very high quality flakes that are often used to measure its basic physical properties, the typical lateral size of these flakes is much less than a millimeter. A common technique used to fabricate large-area graphene samples is by thermal decomposition of SiC in vacuum. [14] [15] [16] The vapor pressure of Si is much higher than that of carbon, therefore, an enrichment of the carbon concentration at the surface region will result at elevated temperatures. This process produces an interfacial carbon layer with partial sp 3 character and one or more sp 2 bonded graphene layers that form above the interfacial layer. One of the main advantages of this Electronic mail: r.ruoff@mail.utexas.edu growth technique is that the graphene is formed directly on an insulating substrate, which is desirable for most device applications. However, device quality SiC wafers are very expensive, and it is currently difficult to control the uniformity and the number of graphene layers. 17, 18 One of the most promising methods of producing largearea graphene for device applications is by the catalytic decomposition of hydrocarbon molecules on metal foil substrates. By using a polymer-assisted transfer process, these films can often be transferred to insulating or semiconducting substrates, simultaneously maintaining the structural integrity of the graphene. The substrate that has received the most attention for large-area single-layer graphene growth is Cu. [19] [20] [21] [22] [23] This is because the solubility of carbon in Cu is negligible at the growth temperatures typically used for graphene growth, which can result in the formation of films that self-terminate at a monolayer when methane is used as the precursor. Because of the low solubility, there is very little carbon in the subsurface region and thus no precipitation of carbon to the surface during the cooling phase. 20 After the formation of a complete monolayer, the growth process stops as graphene is not catalytically active toward the decomposition of methane at these temperatures. For the controlled growth of graphene films that are more than one atomic layer thick, alloys of Cu and Ni can be used [24] [25] [26] as the solubility of carbon in Ni at the temperatures typically used for graphene growth is much higher than that of Cu. 27 For most device applications, it is crucial to maintain a low defect density within the graphene, simultaneously keeping the thickness of the graphene film uniform. Therefore, it is important to be able to develop techniques for growing graphene films that are composed of macroscopicsized grains as it is expected that a graphene film composed of relatively small grains will have a low carrier mobility due to scattering at the grain boundaries. 28 One of the factors that is expected to influence the grain size within the graphene overlayer is the surface termination and orientation of the metal substrate atoms. For growth on a face-centered cubic (fcc) metal substrate, the preferred orientation should be the (111) surface termination as both this surface and the honeycomb structure of graphene have a hexagonal symmetry. However, most of the studies of graphene growth on Cu have been performed on metal foils that were formed by a cold-rolling process. The primary reason for the use of foils instead of single crystals is to maintain a relatively low-cost method of producing large-area graphene as the size of the substrate dictates the size of the graphene film. Because of the polycrystalline nature of cold-rolled foil substrates, it is important to understand the evolution of the substrate grain size and orientation under typical graphene growth conditions if techniques for growing large-area graphene films with low defect density are to be developed.
A. Low-energy surfaces of fcc metal crystals Both Cu and Ni crystallize in the simple fcc crystal structure. They have similar lattice constants (3.61 and 3.52 Å for Cu and Ni, respectively) and form a continuous range of solid solutions. The three lowest surface energy terminations of fcc crystals are the (100), (110), and (111) surfaces. The relationship between the bulk lattice constant a 0 and the surface lattice constants a s and b s for each surface termination are given in Table I . The relative surface energy for each termination can be estimated by comparing the number of missing nearest neighbors per unit area at each surface. 29 Although this is a relatively simple model that neglects kinetic and other material-specific effects, it can serve as a guide for estimating the relative energies of the low-index surface terminations of fcc crystals. For fcc metals, each atom in the bulk has 12 nearest neighbors. By definition, the atoms at the surface of the metal will be missing some of these nearest neighbors, and thus the energy of the surface atoms will be higher than those in the bulk. For a (100) terminated surface, each surface atom will be missing four nearest neighbors. For a (111) terminated surface, only three nearest neighbors will be missing, and for a (110) terminated surface, six will be missing from each surface atom. As the atomic density of each surface orientation is different, this must be considered when determining the relative surface energies. The total surface energy will be proportional to the factor E hkl ¼ Number of missing bonds Area of unit cell :
Therefore, the (111) surface energy factor will be E 111 ¼ 12= ffiffi ffi 3 p a 2 0 , whereas the other surface energy factors will be E 100 ¼ 8=a . Neglecting next-nearestneighbor interactions means that the (100) and (110) surfaces are expected to have 15% and 22% higher energies than the (111) surface, respectively. For cold-rolled foils of fcc metals, the plastic deformation of the metal during the rolling process typically results in microscopic grains with a combination of a (100) and (111) texture and considerable disorder. 30 The initial orientation of the grains and the internal stress within the foil are expected to influence the evolution of the grain size and orientation during annealing.
B. Graphene growth on Cu and Cu-Ni surfaces
Graphene crystallizes in the honeycomb structure, which is a hexagonal lattice with a two-atom basis. The symmetry of the (111) surface of a fcc crystal is also hexagonal, whereas the symmetries of the (100) and (110) surfaces are square and rectangular, respectively. From symmetry arguments alone, it is expected that graphene growth on the (111) surface should result in an overlayer with the fewest rotational domains. The lattice mismatch between the overlayer and substrate can also be an important factor for producing films with low defect density. Both the Cu(111) and Ni(111) surfaces are reasonably well lattice-matched to graphene (À3.7% and À1.2%, respectively). The strength of the overlayer/substrate interaction must also be considered. For systems with only a small lattice mismatch, a strong interaction can result in a pseudomorphic growth (i.e., the strain in the overlayer causes the overlayer to adopt the lattice constant of the substrate). On the other hand, a weak interaction will allow the overlayer to slip in and out of phase with the substrate during growth, resulting in a large coincidence lattice and a "Moiré pattern" type of growth.
The process of grain growth in the foil substrates at elevated temperatures is expected to follow a two-step process.
As an unannealed metal foil will exhibit quite a bit of disorder following the cold-rolling process, the first step would be for the ordered regions of the foil to incorporate atoms from the disordered regions during the annealing process. This will result in the formation of a network of connected grains. The second step would be the growth of large grains at the expense of the smaller grains, eventually resulting in the formation of a few grains with macroscopic dimensions. This coalescence of grains is expected to proceed at a much slower rate than the initial nucleation process. However, as the temperature is increased to a value close to the melting point of the metal, the diffusion coefficient of the atoms within the foil will become very large, resulting in the growth of grains with macroscopic dimensions over relatively short time scales. The melting point of Cu is 1083 C and of Ni is 1453 C. The melting point of Cu-Ni alloys varies approximately linearly from 1083 to 1453 C as the atomic concentration of Ni increases from 0% to 100%. 27 As graphene growth on Cu using a methane precursor has typically been performed at $1000 C, macroscopic Cu grains should be observed for the foil substrates following relatively short anneals. However, grain growth for Cu-Ni alloy substrates should be slower at the same temperature because of their higher melting points.
The temperature dependence of the vapor pressure of the substrate can also have an influence on the growth rate and orientation of the substrate grains. At 1000 C, the vapor pressure of Cu and Ni are 6 Â 10 À5 and 1 Â 10 À7 Torr, respectively. 31 The flux of atoms impinging on a surface within the molecular flow regime (P < 10 À3 Torr for a cylindrical tube furnace with a diameter of a few centimeters) is given by
where P is the pressure (Torr), M is the molecular weight (g/mol), and T is the temperature (degrees Kelvin). 32 As the rate at which atoms impinge and desorb from a surface is the same at equilibrium, the desorption rate can be found by dividing the flux by the atomic density of the surface. Therefore, the rate at which atoms leave a surface when there is no incident flux is given by
where r is the atomic density (atoms/cm 2 ). For the Cu(111) surface, this results in a loss of 4 monolayers (ML) of Cu per second from the surface at 1000 C under ultrahigh vacuum conditions, whereas the sublimation rate from a Ni(111) surface will only be 7 Â 10 À3 ML/s. For graphene growth on Cu substrates by catalytic decomposition of hydrocarbon molecules, the pressure of the source gas is typically in the mTorr or higher pressure range, which should slow the sublimation rate of Cu from the surface. In addition, if the sample is annealed in a hot-wall reactor, there may be an additional flux of metal atoms impinging on the substrate surface that had previously deposited on the reactor walls. Once graphene growth is initiated, it is expected that the graphene covered regions of the surface will suppress sublimation of the metal substrate atoms.
II. EXPERIMENT A. Growth of graphene films
The graphene films were grown on Cu and Cu-Ni alloy foils. The Cu foils were purchased from Alfa Aesar and had a purity of 99.8%. An assay for these foils was not available from the manufacturer. The thickness of Cu foils was 25 lm. The Cu-Ni foils were supplied by Midwest Metals, Inc. and had a thickness of 0.005 in. (127 lm). The assay provided by the manufacturer reports concentrations of 88.00% Cu, 9.90% Ni, 1.54% Fe, 0.44% Mn, and 0.10% Zn by weight, with trace amounts of other elements.
The graphene was grown by chemical vapor deposition using methane as the precursor. A hot-wall reactor was used for the growth of the graphene films. It consists of a quartz tube with the reaction zone being heated using radiant heat. The base pressure of the hot-wall reactor was 20 mTorr. The cooling of the sample to room temperature after growth took several hours because of the large thermal mass of the reactor.
The general procedure for growing the graphene films involves annealing the foils in a H 2 atmosphere to reduce the surface oxide and to enlarge the substrate grain size, followed by the introduction of CH 4 . As trace amounts of residual oxygen may be present in the reactor, the growth of the graphene was done in a H 2 /CH 4 atmosphere to prevent the formation of copper oxide at regions of incomplete graphene growth. The same gas mixture was used during the subsequent cool down to prevent the loss of carbon from the graphene overlayer (e.g., formation of CO and CO 2 ), which can occur at temperatures higher than $300 C. The Cu foils were annealed at 1035 C in 40 mTorr of H 2 for 30 min, followed by the introduction of CH 4 for a total pressure of 145 mTorr. The graphene growth proceeded for 5 min before initiating the cool down of the sample. The 90/10 Cu-Ni foils were annealed at 1050 C in 45 mTorr of H 2 for 40 min, followed by the introduction of CH 4 for a total pressure of 150 mTorr. Growth times for the 90/10 Cu-Ni foils ranging from 5 to 50 min before cool down of the sample. These methods of growing graphene have been shown previously to result in large-area, continuous, single-layer or few-layer graphene films, depending on the substrate alloy concentration. [19] [20] [21] [22] [23] 25, 26 To monitor the defect density, uniformity, and thickness of the graphene overlayers, X-ray photoelectron spectroscopy (XPS) and Raman spectroscopy were performed on each sample. The results of those measurements will be published elsewhere. 26 
B. SEM and EBSD measurements
The size and shape of the substrate grains were monitored using optical microscopy and high resolution scanning electron microscopy (SEM). Two instruments were used for the SEM measurements: a LEO 1550 SEM and a FEI Nova Nanolab 600 dual beam SEM/focused ion beam (FIB) system. Images were taken with a primary beam ranging from 2 to 5 keV. The crystallographic orientation of the substrate grains was measured with electron backscatter diffraction (EBSD) using an HKL Nordlys detector in the FEI SEM/ FIB. For the EBSD measurements, a 30 keV electron beam with $1 nA of intensity was incident on the sample at an angle of 70 . The electrons penetrate $5 nm into the surface of the sample, diffract, and form a Kikuchi pattern on a detector positioned a few millimeters from the sample surface. 33 For each pixel, the FLAMENCO V R program compares the measured Kikuchi pattern to a library of patterns for crystalline Cu and assigns an orientation. As Cu and Ni are fcc crystals with similar lattice constants and identical core electron structures, it was only necessary to use the pure Cu library for the orientation assignment of the Cu-Ni foils. To perform a complete mapping, the electron beam was rastered over the region of interest in a pixel-by-pixel fashion. The accuracy of the orientation assigned during the EBSD measurements is estimated to be within 65
. This uncertainty results partially from the difficulty in mounting the foils perfectly flat on the SEM sample stage and also from the spatial resolution of the detector. For instance, an EBSD measurement of a Cu(111) single crystal resulted in an orientation distribution with a half-width of 2 .
III. RESULTS

A. Unannealed Cu and Cu-Ni Foils
For the Cu foil and the 90/10 Cu-Ni foil, EBSD measurements were taken before annealing in H 2 . For the Cu-Ni foil, the software could only identify a grain orientation for less than 2% of the surface area within any scan. As our XPS measurements of the as-received Cu-Ni foil provides evidence that the surface region of these samples is heavily oxidized, 26 the lack of crystallographic determination by EBSD for this foil is most likely the result of a disordered native oxide at the surface. However, this could also result from disorder within the alloy below the native oxide or from randomly ordered grains that have a lateral dimension smaller than the probe area of the electron beam ($10 nm).
For the as-received Cu foil, the EBSD software was able to map over 40% of the surface area within a scan onto one of the crystallographic directions of Cu, as shown in Fig. 1(a) . The black pixels correspond to areas where the software could not determine a grain orientation within the spot size of the electron beam. Our XPS results show some oxidation at the surface of the pure Cu foils, but to a lesser degree than for the Cu-Ni foils. 26 As with the Cu-Ni foils, the regions with unidentified orientations could result from the disordered native oxide, disorder within the unoxidized Cu, or regions with very small Cu grains with random orientation. The density scale, which identifies the crystallographic orientation relative to the surface normal within each pixel, is shown in Fig. 1(c) . There is a large range of crystallographic orientations identified in the EBSD scan [ Fig. 1(a) ], and the lateral dimensions of the grains are mostly less than 50 lm in size. The grains are also somewhat elongated, which is expected for a foil formed by coldrolling. Statistical analysis of the EBSD map for the pure Cu foil indicates a preference for the surface normal of the grains within the as-received foil to be oriented toward the [100] direction. This can be seen in Fig. 1(d) , which is an inverse pole figure (IPF) of the as-received Cu foil.
B. Cu foil after graphene growth
After growth of the graphene overlayer, the typical lateral dimension of the grains within the Cu foil ranged from a few millimeters to as large as a centimeter, as observed with optical microscopy and SEM. This result is reasonable considering the fact that the foil was annealed very close to the melting temperature of Cu during the growth process. An EBSD map of the Cu foil after graphene growth is shown in Fig. 1(b) and reveals that the surface is predominantly (100) terminated. After graphene growth, the EBSD software was able to map over 90% of the surface area within a scan onto one of the crystallographic directions of Cu. The grain orientation relative to the surface normal of the foil is $15 from the [100] direction, tilted toward the [110] direction, as can be seen from the IPF in Fig. 1(e) . There are also some small (111) oriented inclusions in the Cu foil. A SEM image of the surface is shown in Fig. 2 and reveals a faceted surface, which is expected for a crystal whose surface is misaligned by several degrees from one of the low-energy terminations (in this case, the (100) termination).
C. Cu-Ni foils after graphene growth
The grain size and orientation within the Cu-Ni foils after graphene growth was found to be much different than that of the Cu foils. The melting point of the 90/10 Cu-Ni alloy foil is estimated to be 1140 C from the Cu-Ni phase diagram, 27 which is almost 90 C higher than that for Cu. Therefore, for anneal temperatures and total anneal times similar to that of the Cu, we expect that the grain growth of the Cu-Ni will be much slower, and the grain sizes to be smaller. For the 90/10 Cu-Ni alloy foil annealed for 40 min in H 2 followed by growth of graphene in H 2 /CH 4 , the lateral dimensions of the grains ranged from tens of microns up to a few hundred microns, as seen in Fig. 3 . As the growth time increased from 5 to 50 min, the percent of the surface area with grains greater than 100 lm was observed to increase. An analysis of the grain size with growth time is given in Table II . The preferred grain orientation for the 90/10 foils also changed as the growth time increased, as seen in Fig. 3 . The grains after the 5 min growth had a variety of surface terminations centered near the (110) orientation. As the anneal time was increased to 50 min, the average grain orientation was observed to shift from the (110) orientation to midway between the (100) and (111) orientations, indicating that the initial (110) orientation is not the most stable surface termination for this alloy. As previously discussed, a likely reason for this could be that the (110) surface is not the lowest energy surface; however, kinetic effects and strain within the film are also expected to play important roles in the evolution of the grain orientation.
IV. DISCUSSION
Our measurements show a (100) texture for the Cu foils after recrystallization at 1035 C. Wofford et al. studied the growth of graphene on 25 lm thick Cu foils with 99.999% purity using low energy electron diffraction (LEED) and low energy electron microscopy (LEEM) and also find a (100) texture for their foils after graphene growth. 34 However, the substrate grains for their foils had a typical lateral dimension of only $1 mm, and some of the grains in their foil were estimated to be oriented within 0.1 of the [100] surface azimuth. These differences in Cu grain size and orientation can be explained by the higher preanneal and growth temperatures used in our study. As atomic diffusion is a thermally activated process, the diffusion rate is much higher at 1035 C, which was used for our samples, than at 1000 C, which was the preanneal temperature used in the LEED/LEEM study. This provides a mechanism for the much larger substrate grains observed under our growth conditions. In addition, the sublimation rate of Cu atoms from the surface during graphene growth is expected to influence the roughness of the surface. At 1035 C, the sublimation rate is estimated to be as high as 12 ML/s from the bare (100) oriented surface regions of the Cu foil, whereas the rate at 900 C (the growth temperature used by Wofford et al. after the preanneal at 1000 C) will be no higher than 0.3 ML/s. This and the higher diffusion rate for Cu at our anneal temperature most likely explains the faceted surface structure that we observe with SEM after graphene growth (Fig. 2) .
The primary reason that we have studied the growth of graphene on Cu-Ni foils is to allow the controlled growth of graphene films that are more than one atomic layer thick. As Ni surfaces are more catalytically active than Cu surfaces, 35 the rate of dissociation of the hydrocarbon precursor should be much higher than for pure Cu surfaces. In principle, this could mean lower graphene growth temperatures, which would suppress the sublimation of the Cu substrate atoms during growth. In addition, an experimental study of the equilibrium surface composition of Cu-Ni alloy substrates by Sakurai et al. 36 has found strong Ni segregation for Curich alloys, which may enhance the catalytic activity further. On the other hand, we observe relatively small, $100 lm, substrate grains for the 90/10 Cu-Ni foils annealed at 1050 C. Therefore, either much longer anneal times or higher anneal temperatures are needed to grow centimetersized substrate grains, which could be followed by graphene growth at substantially lower temperatures. Because the vapor pressure of Cu is higher than that of Ni, annealing to temperatures near the melting point of the alloy may result in changes in both the bulk and surface alloy compositions of the foil.
For the growth of graphene films with the lowest defect density, it is desirable to have the fewest number of rotational domains during the initial nucleation of the graphene. The ideal situation would be for each grain to nucleate in the same orientation and coalesce into a continuous film without grain boundaries. Recent results for the growth of graphene on Cu single crystal surfaces provide evidence that the substrate orientation can affect the orientation of the graphene overlayer. 35, 37, 38 For instance, Zhao et al. used scanning tunneling microscopy to study graphene films grown on Cu(111) and Cu(100) single crystals by exposing the substrates to 1 mTorr of ethylene for 5 min at 900 C. 35 The graphene films grown on the Cu(111) substrate had a hexagonal superstructure, whereas the films grown on the Cu(100) substrate had regions with a linear superstructure. The wavelength of the superstructure on the Cu(111) surface is consistent with the formation of a graphene overlayer that is predominantly oriented in the same direction as the Cu(111) substrate. Their LEED measurements for the graphene film grown on the Cu(100) surface show a pattern with a 12-fold symmetry, which indicates that crystallites of graphene are nucleating with two predominant rotational domains, oriented 90 from each other. This result is consistent with what is expected for the growth of a crystal with hexagonal symmetry onto a substrate with square symmetry, especially if both the overlayer and substrate have similar surface lattice constants. The growth of graphene on a Cu(111) surface by evaporation of carbon onto the substrate at temperatures ranging from 690 to 975 C has been studied by Nie et al. using LEEM and l-LEED. 38 Their results indicate that the in-plane orientation and island morphology of the graphene during growth is strongly dependent on the substrate temperature. At temperatures !900 C, the graphene lattice is closely aligned with the Cu(111) lattice, with all graphene islands aligned to within 63 .
V. CONCLUSIONS
One of the challenges that must be overcome before graphene can be used in most device applications is the development of methods for producing films with low defect density over wafer-sized dimensions (a few square centimeters). Two factors that are expected to have a large impact on the defect density of the graphene films grown by the dissociation of hydrocarbon molecules on Cu and Cu-Ni substrates are the size and orientation of the metal substrate grains. Our results for graphene growth on cold-rolled Cu foils show that large-area substrate grains can be grown by annealing at a temperature of 1035 C, which is 48 C below its melting point. However, the orientation of the surface azimuth of these films is toward the [100] direction, which is not ideal for the growth of low defect density graphene. For the rolled 90/10 Cu-Ni foils, annealing at 1050 C for up to 90 min resulted in grains with lateral dimensions of a few hundred microns. This result indicates that for the coalescence of grains within the Cu-Ni alloy films to occur, much higher anneal temperatures are needed. The orientation of the surface normal of the grains of the 90/10 foils under the anneal conditions used in this study was also not in the [111] direction. It is uncertain what the evolution of the grain orientation will be for Cu-Ni alloy foils at much higher anneal temperatures than were used in this study. As the growth of graphene on the (111) surface of Cu or Cu-Ni has the greatest potential for producing films with the lowest defect density, it is advantageous to develop techniques for producing foils of these materials with a (111) surface texture.
